The vapor-liquid-solid (VLS) mechanism [1] has been applied extensively as a framework for growing single-crystal semiconductor nanowires for applications spanning optoelectronic, sensor and energy-related technologies [2, 3] . Recent experiments have demonstrated that subtle changes in VLS growth conditions produce a diversity of nanowire morphologies, and result in intricate kinked structures that may yield novel properties [4] [5] [6] [7] [8] . These observations have motivated modeling studies that have linked kinking phenomena to processes at the triple line between vapor, liquid and solid phases that cause spontaneous "tilting" of the growth direction. Here we present atomistic simulations and theoretical analyses that reveal a tilting instability that is intrinsic to nanowire geometries, even in the absence of pronounced anisotropies in solid-liquid interface properties. The analysis produces a very simple conclusion: the transition between axisymmetric and tilted triple lines is shown to occur when the triple line geometry satisfies Young's force-balance condition. The intrinsic nature of the instability may have broad implications for the design of experimental strategies for controlled growth of crystalline nanowires with complex geometries.
simple physical explanation for the onset of tilting. Figure 1 shows a snapshot from the current MD simulations illustrating an equilibrated nanowire configuration. The simulations reveal a complex geometry associated with the wetting of the crystal surfaces. Figure 1a demonstrates that the contact line (i.e., the solid, liquid and vapor (vacuum) phases' triple line) dips below one facet indicated by 2 and climbs above the neighboring facet labeled as 1 . These triple lines on facets 1 and 2 are formed by interfaces with different crystallographic orientations (c.f., Figure 1b ). The anisotropy of interface free energies is known to produce such triple line "rumpling". [17] The 3d geometry of the solid-liquid interface is illustrated in Figure 1c which features four {111} faceted orientations separated by interfaces that appear atomically rough in nature. The figure also shows the presence of three {111} solid-vapor surfaces adjacent to the "raised" contact lines. These facets are qualitatively similar to the sawtooth geometries commonly reported for VLS growth of Si nanowires using Au catalysts. [18] The wetting geometry shown in Figure 1 involves contact angles that vary with the volume of the liquid (V l ), as illustrated in Figure 2 . It is evident from the figure that the angle between solid-liquid and vapor-liquid interfaces (φ vs ) increases with increasing size of the liquid droplet. We compare the nanowire contact angles φ vs and φ lv with equilibrium wetting angles of an isolated liquid droplet on a {111} surface, φ
Y oung vs
and φ
Y oung lv
, shown in Figure   2c in blue and magenta, respectively. We find that for the range of liquid volumes where φ vs is less than φ Y oung vs , the symmetric configurations are observed to remain stable in the simulations. However, as nanowire contact angles approach the Young's values with increasing liquid volume, we observe a spontaneous tilting of the droplet to the side of the nanowire. We were unable to observe stable equilibrium configurations with φ vs > φ
Y oung vs
. The model presented below yields the same result, but for a simplified geometry. forming a large (111) solid-liquid interface facet. This observation is in qualitative agreement with experiments [6] and previous mesoscale simulations. However, as time progresses the droplet does not lock into a new equilibrium wetting configuration, but rather continues to advance along the nanowire surface (c.f., top panels of Figure 3 ), while the center of mass of the droplet rotates towards a different facet (c.f., middle panels). During this process the shape of the solid-liquid interface evolves on the same time scale as shown in the bottom panel of Figure 3 .
Specifically, during the process the solid part of the nanowire covered by liquid increases and becomes more spherical. The top part of the nanowire remains wetted in this process and the unpinning of the droplet never occurs in the simulation. This behavior is qualitatively distinct from the assumptions underlying recent models that consider wetting transitions on fixed solid shapes [13] .
To further explore the correlation between the tilting instability and droplet volume we performed a separate simulation in which we started with a tilted configuration and removed part of the liquid, thus reducing the droplet volume. In the subsequent equilibration, the tilted configuration gradually returned to the symmetrical geometry with the liquid droplet mounted on top of the nanowire as in Figure 1 . This convincingly demonstrates that the symmetric wetting configuration is an equilibrium thermodynamic state for the smaller droplet volumes, and there is a critical volume at which a transition to a non-symmetric configuration occurs.
The observations above motivate the development of a wetting model to provide further insights into the nature of the tilting instability. We consider the 2d nanowire geometry illustrated in Figure 4a ,b. Liquid-vapor and solidliquid interfaces are assumed to be isotropic and therefore have circular shapes. The interfaces are connected at VLS triple junctions located on the side wall of the nanowire. We assume that the solid-liquid interface is mobile and can adjust its shape to minimize energy, while the VLS triple junctions are restricted to move along the side walls. The wetting geometry is fully specified by a tilting angle α and two apparent wetting angles θ s and θ l defined in Figure 4b . The total surface free energy F s of the system is given as
where γ lv , γ sl and γ vs are liquid-vapor, solid-liquid and vapor-solid interface free energies, respectively and L lv , L sl and 2L vs are the lengths of these interfaces.
We recognize that a two-dimensional fully isotropic treatment is a simplified model. However, the results that we obtain below will be sufficiently general to justify such an approximation. We will continue to use a three-dimensional vocabulary volume and area to represent their analogs in two dimensions: area and length.
To find the equilibrium wetting configurations we consider variations of shape subject to the constraints that the total volumes of the liquid and solid phases are constant
where R lv and R sl are the radii of curvature of the liquid-vapor and solid-liquid interfaces, respectively. By means of Eqs. (2) and (3), two variables from Eq. (1) can be eliminated, resulting in
γvs ). At a given set of isotropic surface tensions (i.e. the ratios γ lv γvs and γ sl γvs ) and fixed volume of the liquid V l , the total surface free energy is a function of the apparent contact angle θ s and the tilting angle α. The equilibrium configurations correspond to states with ∂F ∂α = 0 and ∂F ∂θs = 0. From these two equations, it can be derived that the following conditions are satisfied at equilibrium:
Eq. (4) can be interpreted as a balance of capillary forces at triple junctions in the direction parallel to the sidewalls of the nanowire, with plus and minus sign referring to each of the two triple junctions. The condition (4) is expected: because TJs parallel motion is not constrained, in equilibrium the net capillary force along this direction must be zero. The forces are not zero normal to the nanowire surface because the triple junction is pinned to the surface.
A typical free energy surface computed from Eq. 1 is illustrated in Figure 4c , with the three equilibrium states satisfying Eq. (4) illustrated as red, yellow and black points. The minimum (red point) corresponds to the stable wetting geometry of the nanowire. Note, that it is symmetrical, i.e., α = 0, with contact angles that are determined by V l , Figure 5c ). This interpretation suggests an intrinsic link between the Young's force-balance condition and the stability of symmetric nanowire wetting geometries, which is expected to be more generally applicable, beyond the simple model considered above. Indeed, the correspondence between the predictions of the model and the MD observations for a system featuring pronounced interfacial anisotropies, suggest that the theoretical predictions are applicable to three dimensional systems with anisotropies characteristic of real VLS systems.
In summary, we have presented a theoretical analysis of equilibrium wetting geometries on single-crystal faceted solid nanowires, motivated by observations derived from three-dimensional MD simulations. The results suggest a tilting instability that is intrinsic to such geometries under conditions where the solid-liquid interface is deformable, while the solid/vapor nanowire surfaces remain flat. The transition from stable to unstable symmetric wetting geometries is shown to be governed by Young's condition and coincides with a change in the sign of the resultant force at the triple junction. This simple criterion links the stability of symmetric wetting geometries to the equilibrium contact angles that can be varied through changes in growth conditions such as temperature and partial pressure. It is suggested that the capillary instability described here is directly related to kinking processes observed experimentally in VLS nanowire growth, and that the Young's criteria discussed above provides a relatively simple guideline for choosing the experimental conditions required to realize straight versus kinked nanowire shapes. This simulation block was then used to produce input configurations for nanowire-liquid simulations. Specifically, we carved out columns with hexagonal crossection and {112} side facets containing solid and liquid phases.
The sizes of the solid surface facets ranged from 5 to 12 nm. To investigate the effects of the droplet size on equilibrium configuration, we varied the amount of liquid phase. The columns were then equilibrated during a 5 ns long simulation in a microcanonical . We performed up to 30 ns long simulations of equilibrated NW configurations. In equilibrium the amounts of solid and liquid phases do not change and the temperature fluctuates around equilibrium value.
Equilibrium simulations for an isolated droplet on a {111} solid surface, shown in Figure 2b were performed in a microcanonical ensemble for 10 ns. [21] The solid slab used in these simulations had dimensions 2. . In case a capillary forces push triple junctions towards each other. Since tilting would increase the separation, it is not favorable. On the other hand, in case c a small perturbation from a symmetrical configuration will result in increasing tilting, since capillary forces try to pull the two triple junctions apart.
